of regional differences, partly because test-day records depict only snapshots of heat stress. Key words: genotype × environment interaction, reaction norm, heat stress Dairy farming in the United States is scattered over a wide range of climatic and topographic regions. Therefore, if significant genotype by environment interaction (G×E) exists, then reranking of sires in different regions of the United States can be expected. The interaction can be modeled by different statistical models: 1) model with additional effect of G×E; 2) multitrait model defining records coming from different environments as different traits; and 3) model with genotype-specific random regression on environmental variables; that is, a reaction norm model, where phenotype is expressed as a function of environmental descriptors (e.g., herd production level, herd size, temperature, humidity, and geographic position). The last model allows for changes in the environment on a continuous scale.
Large G×E (r g = 0.88) have been reported between countries with different climatic and production systems, such as New Zealand and the United States (Weigel et al., 2001) . However, most within-country studies did not detect significant interactions (Carabañ o et al., 1990; Rekaya et al., 2003) . Zwald et al. (2003) investigated the effectiveness of 13 genetic, management, and climatic variables in international dairy sire evaluation as indicators of production environments. They found lower heritability in herds from cold climates (0.26) than in herds from hot climates (0.39). The genetic correlation between those 2 groups was 0.66. This may suggest that heat stress plays an important role in G×E. In the study by Norman et al. (2005) , correlations between national and regional evaluations for first-parity milk yield ranged between 0.96 (Northeast) and 0.88 (Southeast). Ravagnolo and Misztal (2000) proposed a model that accounts for heat stress using test-day (TD) milk yield records and weather data from public weather stations. In their reaction-norm model, each animal has 2 genetic effects, a "regular" effect corresponding to performance in thermoneutral conditions and a "heat-stress" effect corresponding to the rate of decline of milk production in heat-stress conditions. The model was first applied to TD milk yields in Georgia and then Florida (Ravagnolo and Misztal, 2002) . The correlation between the 2 genetic effects was negative, and the genetic variance due to heat stress was substantial at high temperaturehumidity indices. Bohmanova et al. (2005) applied a similar model to the US national data. Comparisons using official US PTA from February 2005 indicated that heat-tolerant sires were below average on fluid milk, above average on fertility and productive life, and average on Total Production Index (TPI). Sires used in the Southeast were below average for heat tolerance because of prevalence of fluid milk pricing in the region. Therefore, problems of heat stress in the Southeast are likely to increase over time.
The best way to prevent the deterioration of heat tolerance would be a routine evaluation that considers heat stress and subsequent selection for best performance under heat stress. If the effect of genotype by environment iteration is captured by the "heat stress" genetic effect, then the correlations between regions for "regular" evaluations should increase, compared with a model that ignores heat stress. However, this increase is likely to be influenced by quality of weather data and efficacy of cooling devices in different climatic regions.
The aim of this study was to estimate the increase in rank correlations between EBV of sires for milk yield from national and regional evaluations when heat stress is considered and to determine whether sires rank the same for heat tolerance in different regions.
The data were obtained from AIPL/USDA and included first-parity TD milk yields of Holsteins calved between 1993 and 2004. The National data set (NA) consisted of 55,494,545 TD records on 5,797,297 heifers. The Southeast and the Northeast were defined as in Norman et al. (2005) Oklahoma, South Carolina, Tennessee, and Texas on 357,130 heifers. All TD records were required to be between 5 and 365 DIM. A more detailed description of the data is given in Table 1 . As presented in Figure  1 , the majority of records in SE (77%) originated from Texas (31%), North Carolina (16%), Georgia (12%), Tennessee (11%), and Florida (7%). The majority of records in NE (85%) originated from New York (44%) and Pennsylvania (41%), as shown in Figure 2 .
Hourly meteorological data (temperature and relative humidity) were available from 202 public weather stations across the United States. Temperature humidity index (THI) was determined from temperature (°C, temp) and relative humidity in percentage (%, rh) as follows (NRC, 1971) :
Average daily THI was obtained by averaging hourly THI over 24 h and rounding to the nearest whole number. Average daily THI 3 d before (meanTHI) the test date was assigned to each TD record from the nearest weather station. The choice of the 3-d lag between weather and yield TD was based on results from a separate unpublished study (J. Bohmanova), in which it was shown that weather data 3 d before the test date explained more of the variability of milk yield than weather data 1 or 2 d before the TD or on the TD itself. The threshold of heat stress was set to a meanTHI of 72 for all herds. Level of heat stress on the farm depends on many factors, including the use and type of cooling devices. However, this information was not available.
Heat stress degree (t) was used to estimate the decline of milk production caused by heat stress. Heat stress degree was defined as the number of units of mean THI above 72. Therefore, if meanTHI ≤ 72, then t = 0 (no heat stress) else if meanTHI > 72, then t = meanTHI − 72 Sums of yearly heat-stress degrees were calculated for every public weather station and used as a description of thermal conditions in individual states. Florida, Louisiana, and Texas were the states with the highest heat-stress degrees per year in the United States, with 916, 818, and 761 heat-stress degrees per year, respectively (Table 2) . Looking at regions, SE had, on average, 596 heat-stress degrees per year compared with 88 in NE. The national average was 239.
As shown in Figure 3 , 10, 7, and 27% of TD records were obtained on days with thermal stress (meanTHI >72) in the NA, NE, and SE data sets. In SE, 14% of TD records were measured on moderate heat-stress days (73 ≤ meanTHI ≤ 76) and 13% on severe heatstress days (meanTHI > 76).
Two repeatability animal models were used for national and regional genetic evaluations of TD milk yields.
The standard model was as follows:
where htd i is the fixed effect of the ith herd-test date, age j is the jth age at calving class (j =1 to 8), freq k is kth frequency of milking (k = 1 to 4), dim lm is the lth DIM class (l = 1 to 37), with classes defined every 10 d, nested within season m (m = 1 to 4), a 0n is the regular additive genetic effect for animal n, p 0r is the regular permanent environmental effect for animal r, and e ijklmnr is the residual. The variances of additive genetic effect, permanent environmental effect, and residual were 5.44, 9.46, and 15.74, respectively. The expanded model used the reaction-norm approach to account for G×E, which expressed milk yield as a function of degrees of heat stress. The model was as follows:
where a 0n is the additive regular genetic effect independent of the level of heat stress, indicating the animal's ability to produce milk in thermoneutral conditions, a 1n is the additive genetic linear random regression coefficient of heat tolerance for animal n, describing the animal's environmental sensitivity to thermal stress, p 0r is the regular permanent environmental effect (the basic level), and p 1r is the permanent environmental random regression effect (slope) of heat tolerance for animal r.
The variance covariance structure was: data sets using iteration on data technique with preconditioned conjugate gradient algorithm. As shown in Table 3 , 636 sires had ≥100 daughters in both NE and SE. Those sires had on average 6,171, 1,413, and 487 daughters in NA, NE, and SE, respectively. A second group of 265 sires with ≥300 daughters had on average 10,344, 2,310, and 889 daughters in NA, NE, and SE, respectively.
For the ≥100 (≥300) daughters groups using the standard model, the rank correlations of EBV between national and regional genetic evaluations were 0.87 (0.89) in SE and 0.96 (0.97) in NE ( to correlations of 0.88 and 0.97 obtained by . Correlations increased with the number of daughters per sire, because they are dependent on sires' accuracies.
The rank correlations between the evaluations in NE and SE most likely overestimate the real correlations among cold and hot climate regions, which is mainly due to these factors: a) heat stress occurs only for a fraction of the year, b) heat stress is partially masked by cooling devices, and c) breeding of many cows in SE is timed to avoid having cows reach the peak of lactation in a period of severe heat stress. A sufficient number of records under heat stress would be required to achieve high reliability of sire evaluations. Unfortunately, regions with high levels of heat stress contribute a relatively small number of records to the national data set of US Holstein cattle. Lower correlations would be expected with data from regions where heat stress is present year round and where cooling devices are less common; for example, in parts of Brazil. When the heat-stress effect was added (the expanded model), the rank correlations increased by 0.005 in the ≥100 daughter group and by 0.009 in the ≥300 daughter group. The change was in the expected direction but small. Several explanations are possible: 1) presence of G×E due to reasons other than heat stress; 2) an oversimplified model; 3) inadequate weather records (climatic conditions on farms that use cooling devices are different from climatic conditions at the weather station); or 4) inadequate production data (at most, 6 TD with heat stress per cow). Freitas et al. (2006b) found that the response to heat stress based on TD records was about one-third of that obtained with daily records. This is because the accumulated effect of heat stress between the test-days cannot be considered and because only a few observations per year can be used to model variation in cooling over time. Also, the expanded model, as used in this study, captures instantaneous but not long-term response to heat stress. Moreover, this model assumed the same THI definition, the same THI threshold, and the same response to heat stress per degree of THI for every herd in every region and over time. Assuming heterogeneous responses and thresholds would be more realistic. Bohmanova (2006) found that different THI definitions were preferable in Arizona and in Georgia. The definition in Georgia had a greater weight on humidity, which is the limiting factor of evaporative cooling in humid climates. The definition in Arizona had more weight on actual temperature because evaporative cooling is not limited by humidity in dry climates. Freitas et al. (2006b) found that the response to heat stress differed by herd size in regions subjected to limited heat stress. Larger herds, Sires with ≥300 daughters in both NE and SE data sets.
which were more likely to afford high-efficiency cooling devices, showed effects of heat stress only at much higher THI. In general, it could be desirable to account for differences in thresholds and rate of decline. Freitas et al. (2006a) found that using a lower-than-optimal threshold reduced R 2 much less than using a threshold that was too high. Therefore, modeling variable thresholds per herd may have limited benefits (Freitas et al., 2006a) . In addition, J. P. Sanchez (Univ. Georgia, Athens; personal communication) demonstrated that computing costs were very high for estimation of different thresholds per herd-year-season or sire when using a hierarchical Bayesian model. This study used a repeatability model, whereas a random regression model could be more accurate because it better reflects the actual covariance structure of additive and permanent effects. However, because a preliminary analysis with random regression had shown some unreasonably high variances at the edges of lactation, which could have led to biased evaluations (J. Bohmanova, unpublished data), the repeatability model was chosen as a simpler alternative. If the majority of cows have the same number of test-days, the repeatability model could be almost as accurate as the random regression model because inaccuracies at various TD would partly cancel out.
One of the assumptions of the model used in this study is that the correlation between the regular and heat-tolerance EBV are constant throughout the lactation. In fact, one can expect that correlations are functions of DIM, and in particular, the most negative correlations are around the peak of lactation.
The correlations between the NE and SE data sets for the heat-stress EBV increased from 0.58 to 0.72 as the number of daughters per sire increased from 100 to 300 (Table 4) . When sires with ≥700 daughters were considered, the correlation reached 0.81. Thus, the analyses in both regions identified similar heat-tolerant sires but only for sires with high accuracy. Because only a fraction of variability of heat stress is captured with the TD data, a large number of records is required to ensure reasonable accuracy. Reliabilities of EBV for heat tolerance were low in this study. The accuracy is a function of the amount of heat stress in a particular region and the degree to which the effect of heat stress is captured through the infrequent (monthly) milk recording. More heat-stress information per cow was available in data collected in the SE than in the NE data set; however, the number of cows in the NE group is much larger. Assuming that daughters have, on average, 3 TD under heat stress with an average THI of 5°C above the threshold, the reliability of EBV for heat tolerance is equivalent to having about 1/20th the number of effective number of daughters for production. Thus, a given sire would need 1,000 daughters subjected to heat stress to achieve the same reliability for heat tolerance that could be obtained with 50 daughters for regular milk yield. In this study, the number of sires born after 1994 with at least 1,000 daughters (in the SE) was 74.
The effect of heat stress as calculated using THI from public weather stations, and TD records accounted for a small part of the difference in EBV between the SE and NE data sets. Similar EBV for heat tolerance were calculated in different regions, but because a large number of daughters is required for sires to achieve high reliabilities of heat tolerance due to low heritability of this trait, the majority of sires had low reliabilities of EBV for heat tolerance.
